A rapid and sensitive spectrophotometric procedure was developed for monitoring the growth of Thiobacillus ferrooxidans in liquid culture. Values determined for the optical densities at 500 nm of washed T. ferrooxidans ceH suspensions were directly proportional to both total cell number and total cell protein concentration and provided an accurate measurement of culture growth rate. The utility of this procedure was demonstrated by conducting physiological studies on the influence of CO2 and FeSO4 availability on the growth of T. ferrooxidans. In addition, we describe a procedure for the long-term maintenance of cells T. ferrooxidans that ensures culture purity and genetic stability.
Thiobacillus ferrooxidans is an obligately aerobic, gramnegative, chemoautotrophic organism that generates its energy and reducing power for CO2 fixation from the oxidation of inorganic iron and reduced sulfur compounds (12) . Since its initial isolation by Colmer et al. (3) in the 1940s and its implication in the problem of acid mine drainage, numerous studies have appeared concerning the unique metabolic properties of this organism and its ability to grow optimally under highly acidic conditions (<pH 2.5). Most recently, with the heightened awareness of the environmental problems attendant with the use of high-sulfur coals and the recovery of precious metals from pyrite-rich ores, mining and coal companies have displayed a renewed interest in the use of T. ferrooxidans as a biological solution to coal desulfurization and ore bioleaching processes. However, applied studies in these areas employing T. ferrooxidans have generally yielded inconsistent or ambiguous results; consequently, the potential of this organism as the solution to industry problems has not been realized. Unfortunately, it appears that the eagerness of investigators to initiate applied studies with T. ferrooxidans has superseded important studies focused upon the growth, adaptation, and maintenance of this organism. As a consequence, fundamental procedures for obtaining and maintaining pure cultures and for adapting, optimizing, and monitoring the growth of cultures of T. ferrooxidans either have not appeared in the literature or have not been uniformly adopted. In this regard, in the present report we describe optimal conditions for the growth and maintenance of cells of T. ferrooxidans and, most importantly, details of a spectrophotometric procedure for rapid and accurate monitoring of the growth of cultures of this organism. These procedures and growth conditions have greatly augmented our basic studies on the physiology and molecular biology of T. ferrooxidans and should facilitate both applied and basic studies by other investigators employing this organism.
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MATERIALS AND METHODS
Organism, medium, and growth conditions. T. ferrooxidans ATCC 19859 was obtained from the American Type Culture Collection and was purified by four successive isolations of individual colonies from plates containing solidified minimal medium. Growth was routinely conducted with an FeSO4-based minimal medium (25) (25) , and cells were plated by a modification of the plate overlay procedure of Harrison (8) . Cells to be plated were harvested from the logarithmic phase of growth, washed twice, and serially diluted in basal salts (FeSO4-free minimal medium), and 0.1-ml samples of the dilutions were added to tubes containing 3 ml of top agarose that had been freshly prepared and maintained at 55°C (sterile top agarose should be dispensed into prewarmed tubes and used immediately). After brief vortexing, the cells were then evenly spread over plates containing 10 to 15 ml of solidified medium (bottom agarose); after the top agarose was allowed to solidify for 5 to 6 h, the plates were inverted and incubated at 30°C under an atmosphere of 5% C02-95% air in a NAPCO CO2 incubator. Under these conditions, colonies were visible in 3 to 4 days.
The growth of T. ferrooxidans in liquid medium was routinely conducted in 18- by 150-mm culture tubes and 500-ml serum bottles containing 15 (1, 7, 8, 13) . However, few investigators indicate that they have rigorously ensured the purity of their T. ferrooxidans cultures, and this has prompted much skepticism concerning the published results obtained with this organism. This situation arises primarily from the absence of clearly defined and generally adopted procedures for the handling of T. ferrooxidans cells. In the present study, T. ferrooxidans was obtained in pure culture by the repeated isolation of individual colonies from solidified minimal medium followed by extended growth of the organism in FeSO4-based minimal medium (see Materials and Methods). Colonies that appeared after 2 to 3 days of growth at 30°C on solidified FeSO4-based minimal medium under an atmosphere of 5% C02-95% air were well isolated; upon transfer of cells to tubes containing 15 ml of FeSO4-based liquid medium, cell growth was rapidly recovered when incubations were conducted at 30°C with constant sparging (5% C02-95% air). In the absence of elevated CO2 levels (i.e., sparging with air), the recovery of cell growth was unpredictable and the time required for recovery was typically extended.
Surprisingly, having obtained a pure culture of T. ferrooxidans, we found that no generally adopted, reliable procedure for the storage of this organism was available. Although Gupta and Agate (6) To obtain a working stock of the organism, a loopful of cells may be aseptically removed from the slant, and growth of the cells can be recovered as described above for the recovery of cells from long-term storage. Although we have found that T. ferrooxidans cells remain viable for >9 months when stored in this manner, we recommend that new slant cultures be prepared on a bimonthly basis and that, when questions concerning culture purity or genetic stability arise, new working stocks of the organism should be prepared with cells that have been previously obtained in pure culture and stored at -70°C.
Measurement of cell growth. Due to the diverse conditions (i.e., medium composition, initial pH, CO2 availability, etc.) and procedures employed by investigators for the growth and determination of growth rates of cultures of T. ferrooxidans, significant disparities have appeared in the literature concerning growth rates and cell yields obtained with this organism. For instance, specific growth rates ranging from 0.07 to 1.78 h-1 (2, 14, 15, 18, 20) have been reported for T.
ferrooxidans on FeSO4-based medium, with the most frequently reported values being in the range of 0.1 to 0.2 h-1. Many investigators rely upon measurements of the rate of FeSO4 oxidation as a monitor of culture growth rate; however, the applicability of this procedure presupposes that the specific cellular level of FeSO4 oxidation has been shown to be independent of the stage of culture growth, that fastidious attention has been devoted to the adaptation of inocula to the logarithmic phase of growth, and that the legitimacy of the procedure has been verified for the particular growth condition being utilized. These requirements are rarely satisfied; as a consequence, values for the specific growth rates of cultures of T. ferrooxidans obtained employing this procedure, which, interestingly, are among the highest rates reported for this organism (14) , are necessarily suspect. Alternatively, culture growth may be monitored by determining total cell number, which, although time consuming, is subject to less error; however, the use of viable cell numbers as a monitor of culture growth is impractical because of wide variation in the values for plating efficiencies reported for cells of T. ferrooxidans (8, 24) as well as the rapid spreading of colonies of T. ferrooxidans on solidified medium (21) . In the present study, logarithmic-phase-adapted cells of T. ferrooxidans occurred predominantly as doublets, and the percentage of doublets within the population became variable as the cells entered the stationary phase of growth. This fact probably explains the variation in plating efficiencies observed with this organism.
In view of the problems discussed above, it is apparent that there is a need for a rapid and sensitive method for monitoring the growth of cultures of T. ferrooxidans. With the spectrophotometric procedure described in Materials and Methods, measurements of the OD5m0 values of washed cell suspensions of T. ferrooxidans growing in FeSO4-based minimal medium provided a rapid, accurate, and sensitive method for determining the stage and rate of growth of cultures of this organism. The results obtained with this procedure are presented in Fig. 1 and 2 . OD50 values were directly proportional to the total number of cells (Fig. 1A) , and whole-cell protein (Fig. 1B) per milliliter of culture and culture growth rates were highly uniform when determined from semilogarithmic plots of OD50 versus time. The procedures employed for the determination of total cells per milliliter of culture and whole-cell protein are described in Materials and Methods. The data presented in Fig. 2 used to inoculate (108 cells per ml) 300 ml of FeSO4-based minimal medium (6 g of Fe2+ per liter), and the culture was incubated at 30°C with sparging (7.5% C02-92.5% air). Samples were removed at timed intervals, and OD500 values were determined as described in Materials and Methods. OD500 values were converted to cells per milliliter of culture by using the calibration curve in Fig. 1 . Linear regression analysis of the data gave a growth rate of 0.12 doubling per h. Culture precipitates were not observed for 20.5 h after inoculation of the culture.
investigators and facilitate a more rigorous approach to culture adaptation by investigators currently conducting studies with T. ferrooxidans. In addition to T. ferrooxidans 19859, the procedure is directly applicable to T. ferrooxidans ATCC 13661 (data not shown).
Optimization of culture growth. T. ferrooxidans is a chemoautotrophic organism and, as such, is an obligate aerobe with a strict requirement for CO2 as its sole source of carbon for growth. Nevertheless, investigators conducting studies with this organism rarely aerate cultures by sparging; in instances where sparging of the culture is included, the sparging is generally conducted with air lacking any enrichment in CO2. In view of the limited solubility of CO2 at the pHs (<2.0) required for the optimum growth of T. ferrooxidans, it would be predicted that the growth of cells in the absence of sparging with a gas mixture enriched with CO2 would be limited by CO2 availability. Indeed, in studies where CO2 has been supplied above atmospheric levels for either physiological or bioleaching experiments, improved growth yields, rates of growth, or elevated rates of metal bioleaching have been observed (4, 9, 23) . The importance of CO2 availability for achieving optimal growth rates and maximum cell yields of cultures of T. ferrooxidans was clearly and most recently demonstrated by Holuigue et al. (11) during their studies on the purification and characterization of the T. ferrooxidans ribulose-1,5-bis-phosphate carboxylase. These investigators reported that culture sparging with a level of CO2 that was 5% in air provided maximal stimulation of culture growth and that significantly higher cell yields, although not growth rates, were obtained as the level of CO2 availability was increased. The data presented in Fig. 3A extend and utilized to inoculate the same medium under identical conditions, and the growth of the culture was monitored by employing the newly developed spectrophotometric procedure (see Materials and Methods). For the data presented in Fig. 3A , culture sparging was conducted at a rate of 4.2 ml/min per ml of culture; however, additional studies (data not shown) have shown that the growth stimulation observed with a specific level of CO2 in air is relatively independent of the rate of culture sparging over a range of 0.06 to 4.2 ml/min per ml of culture. Cultures adapted and grown with only air sparging typically displayed extended growth lags and the slowest rates of growth (,u, h-1, 0.06) upon transfer to fresh medium. In agreement with the data of Holuigue et al. (11) , the rate of culture growth increased as the level of CO2 in air was increased to 5%; however, the level of CO2 that supported the maximal rate of growth was found to be in the range of 7 to 8% CO2. Furthermore, increases in the level of CO2 beyond 8% resulted in inhibition of culture growth, with maximal inhibition occurring at 12% CO2. The molecular basis for this inhibition is unclear, although it should be (B) (16) were not observed until the cells had entered the stationary phase of growth. Thus, for our studies, experimental cultures and inocula were always completely devoid of precipitates.
Finally, in addition to the influence of CO2 availability on the growth of T. ferrooxidans, numerous reports have appeared concerning the influence of the concentration of Fe2+ and Fe3+ on the growth of this organism (14) . Although a number of different media have been utilized for the growth of T. ferrooxidans (24, 25) , the medium most commonly employed by investigators is 9K medium, which was originally described by Silverman and Lundgren (22) In the present study, the effect of the concentration of FeSO4 on the growth of T. ferrooxidans was examined by employing the spectrophotometric procedure for monitoring cell growth (Fig. 3B) . Cells extensively adapted to the logarithmic phase of growth were utilized to inoculate medium containing the designated concentration of FeSO4 (Fig.  3B) , and the resulting culture was incubated with sparging (4.2 ml/min per ml of medium) under an atmosphere of 7.5% C02-92.5% air. Growth rates were determined from plots of OD500 versus time, and these rates were plotted as a function of the FeSO4 concentration (Fig. 3B) Fig. 3B are typical of data from systems in which substrate inhibition of growth occurs (5) .
In summary, the data presented in Fig. 3A and B show that the availability of CO2 and FeSO4 exerts dramatic effects on the growth of T. ferrooxidans. However, it should be mentioned that the growth condition selected by an investigator will be largely dependent upon the proposed application. If rapid rates of cell growth at low cell densities are required, the optimum condition would be medium containing 2 to 3 g of Fe2+ per liter and sparging with air containing 7 to 8% CO2. Alternatively, if cell yield but not growth rate is important, medium containing higher levels of Fe2+ sparged with >10% CO2 in air might be selected.
